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Gene expression is a multi-step process involving the transcription of DNA into messenger RNA 17 (mRNA) and the translation of mRNAs into proteins. To fully understand how a cell functions and 18 adapts to changing environments and adverse conditions (e.g., disease or chronic stress), 19 quantitative methods to precisely observe these processes are required (Belliveau et al, 2018) . 20 Gene regulatory networks (also known as genetic circuits) control where and when these processes 21 take place and underpin many important cellular phenotypes. Recently, there has been growing 22 interest in building synthetic genetic circuits to understand the function of natural gene regulatory 23 networks through precise perturbations and/or creating systems de novo (Wang et al, 2016;  24 Smanski et al, 2016) . 25 In synthetic biology, genetic circuits are designed to control gene expression in a desired 26 way (Brophy & Voigt, 2014) . Circuits have been built to implement a range of digital Rodriguez et al, 2015; Moon et al, 2012) and analog functions (Daniel et al, 2013) , and have been 28 integrated with endogenous pathways to control cellular behaviors (Tan et al, 2016; Nielsen & Voigt, 29 2014). The construction of a genetic circuit requires the assembly of many DNA-encoded parts that 30 control the initiation and termination of transcription and translation. A major challenge is predicting 31 how a part will behave when assembled with many others (Cardinale et al, 2013) . The sequences of 32 surrounding parts (Poole et al, 2000) , interactions with other circuit components or the host cell genetic circuits can be reliably built on our first attempt. 40 Fluorescent proteins and probes are commonly used to characterize the function of genetic 41 parts (Hecht et al, 2017; Jones et al, 2014) and debug the failure of genetic circuits (Nielsen et al, 42 2016). When used for characterization, the part of interest is usually placed into a new genetic 43 backbone (often a plasmid) and its behavior is directly linked to the expression of one or more 44 fluorescent proteins (Cambray et al, 2013) . When debugging a circuit failure, it is not possible to 45 extract the part of interest as the context of the circuit is important. For circuits that use transcription 46 rate (i.e. RNAP flux) as a common signal between components (Canton et al, 2008) , debugging 47 plasmids containing a promoter responsive to the signal of interest have been used to track the 48 propagation of signals and reveal the root cause of failures (Nielsen et al, 2016) . Alternatively, any 49 genes whose expression is controlled by the part of interest can be tagged by a fluorescent protein 50 (Snapp, 2005) . Such modifications allow for a readout of protein level but come at the cost of 51 alterations to the circuit. This is problematic as there is no guarantee the fluorescent tag itself will not 52 affect a part's function (Baens et al, 2006; Margolin, 2012) . 53 The past decade has seen tremendous advances in sequencing technologies. This has 54 resulted in continuously falling costs and a growing range of information that can be captured 55 (Goodwin et al, 2016) . Sequencing methods exist to measure chromosomal architecture 56 (Lieberman-aiden et al, 2009), RNA secondary structure (Lucks et al, 2011) , DNA and RNA 57 abundance (Conesa et al, 2016) , and translation efficiency (Ingolia, 2014) . New developments have 58 expanded the capabilities even further towards more quantitve measurements of transcription and 59 protein synthesis rates with native elongating transcript sequencing (NET-seq) (Mayer et al, 2015) 60 and ribosome profiling (Ribo-seq) (Li et al, 2014; Ingolia et al, 2009 ). Ribo-seq provides position-61 specific information on the translating ribosomes through sequencing of ribosome-protected 62 fragments (RPFs; approximately 25-28 nt) which allows genome-wide protein synthesis rates to be 63 inferred with accuracy similar to quantitative proteomics (Li et al, 2014) . 64 Sequencing technologies offer several advantages over fluorescent probes for 65 characterization and debugging genetic parts and circuits. First, they do not require any modification 66 of the circuit DNA. Second, they provide a more direct measurement of the processes being 67 controlled (e.g. monitoring transcription of specific RNAs), and third, they capture information 68 regarding the host response and consequently their indirect effects on a part's function. 69 Furthermore, for large multi-component circuits or synthetic genomes, sequencing is the only way of 70 gaining a comprehensive view of the system's behavior, offering a scalable approach which goes 71 beyond the limited numbers of fluorescent probes that can be measured simultaneously. Recently, 72 RNA-seq has been used to characterize every transcriptional component in a large logic circuit 73 composed of 46 genetic parts 
Results
89
Generating transcription and translation profiles in absolute units 90 To enable quantification of both transcription and translation in absolute units, we modified the RNA-91 seq protocol and extended the Ribo-seq protocol with quantitative measurements of cellular 92 properties (red elements in Figure 1A ). For RNA-seq, we introduced a set of RNA spike-ins to our The total number of transcripts per cell was ~8200 which well correlates with earlier measurements 100 of ~7800 mRNA copies/per cell using a single spike-in (Bartholomäus et al, 2016) . Similar overall 101 copy numbers have been theoretically predicted (Bremer et al, 2003) and experimentally determined 102 for another E. coli strain (Taniguchi et al, 2010) . For Ribo-seq, we directly ligated adaptors to the 103 extracted ribosome-protected fragments (RPFs) (Guo et al, 2010) to capture low-abundance 104 transcripts (Del Campo et al, 2015) . Sequencing was also complemented with additional 105 measurements of cell growth rate, count, and protein mass (right panel, Figure 1A ). 
173 to a new one when comparing these regions with the frameshifting efficiency given by,
Here, x0 is the nucleotide at the start of the region where frameshifting occurs, and x1 is the end 214 nucleotide of the stop codon for the first coding sequence ( Figure 1D ).
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Measuring genome-wide translation initiation and termination in Escherichia coli
217
We applied our approach to Escherichia coli cells harboring a lacZ gene whose expression is 218 induced using isopropyl β-D-1-thiogalactopyranoside (IPTG) (Figure 2A ). After induction for 10 min, 219 lacZ expression reached 14% of the total cellular protein mass (Supplementary Table S1 ).
220
Samples from non-induced and induced cells were subjected to the combined sequencing workflow genes (Kennell & Riezman, 1977 Figure 3A) . 286 We next sought to demonstrate the ability to measure dynamic changes in the function of 287 regulatory parts using the LacZ construct. We quantified the inducible promoter and terminator total of all three possible frames. We found that the zero and -1 frames dominate the gene10 and 340 lacZ regions, respectively, with >46% of all RPFs being found in these frames (top row, Figure 4C ).
341
The middle region saw a greater mix of all three, and the zero-frame further dropped in the lacZ 342 region. This is likely due to a combination of ribosomes that have passed the PK successfully and 343 terminated in zero-frame at the end of gene10 and those that have frameshifted. Similar results
344
were found with and without induction by IPTG ( Figure 4C ). An identical analysis of the reading 345 frames from the RNA-seq data revealed that no specific frame was preferred with equal fractions of 346 13 each (bottom row, Figure 4C ). This suggests that the reading frames recovered for the RPFs were 347 not influenced by any sequencing bias. We further tested if the major translation frame could be 348 recovered by analyzing the entire genome and measured the fraction of each frame across every 349 gene. The correct zero-frame dominated in most cases ( Figure 4D ). CTA, CCC, TCC, which encode for arginine, leucine, proline and serine, respectively ( Figure 5C ).
395
All of these codons are rarely used in the genome for their cognate amino acid but were found in Figure S1) , 585 we decided to apply more restrictive threshold P < 0.001 and additionally selected the 25th 586 percentile. The GO terms with significant enrichment (P < 0.01) were calculated using GO.db 587 version 2.10. 
